This paper is the first in a series in which the behaviour of the electrical impedance of metals at low temperatures and very high frequencies will be considered from experimental and theoretical standpoints. The technique of resonator measurements at 1200 Mcyc./sec. is described in detail, and experimental curves are given showing the variation with tempera ture of the r.f. resistivities of superconducting tin and mercury. In contrast to the behaviour of superconductors in static fields, a finite resistance is present at all temperatures, tending as the absolute zero is approached to a very low value, which is probably zero for mercury but not for tin. The experimental results are in good agreement with London's measurements on tin by a different method. The latter's observation, that the r.f. resistance of normal tin above the transition point is much greater than that predicted from the classical skin-effect theory, is confirmed, and a similar, though less marked, effect is found also for mercury.
I n t r o d u c t io n
In a series of measurements on the heat generated when a tin ellipsoid was placed in a high-frequency alternating magnetic field, London (1940) was able to show th at at a frequency of 1500 Mcyc./sec. there was not a complete absence of resistance in the superconducting state. As the temperature was lowered through the transition point (3*71° K) there was a rapid fall of resistance, but not to zero as occurs in d.c. measure ments. With further lowering of temperature the resistance continued to fall, apparently tending towards zero at the absolute zero of temperature. The experi ments described in the present paper were designed to employ some of the recent advances in radio technique, arising directly from the wartime development of Radar, in order to obtain more accurate data than was possible at the time of London's work. A detailed investigation has been carried out at frequencies around 1200 Mcyc./sec., corresponding to a free-space wave-length of 25 cm., of the resistance of tin and mercury in the superconducting state. These two materials are the most interesting at present, since they have been more extensively studied than any other super conductors, on account of their convenient transition temperatures for use with liquid helium.
D e s c r ip t io n o f a p p a r a t u s (a) Method
The measurement of resistance is carried out by determining the frequency band width of a resonator, in which the main conductors are made of the metal under investigation. The resonator is excited by means of an oscillator the frequency of which may be varied, and the amplitude of the excitation is measured by extracting from the resonator a proportion of the energy, which is then rectified to give a d.c. reading on a galvanometer. With this arrangement a measurable galvanometer deflexion is obtained only when the frequency of the oscillator is near the natural frequency, oj0, of the resonator. The frequency band width is defined in the usual way as the difference A oj, between those two frequencies, o)0 at which the of excitation, i.e. the square of the field strength in the resonator, is equal to one-half the maximum excitation, which occurs at the natural frequency a> 0. With this definition, the quotient oj0/A(o is the selectivity, Q, of the resonator. A discussion of the factors which determine the value of Q will be postponed, but roughly speaking it may be said to be inversely proportional to the total resistance of the resonator circuit.
(6) Resonator The design of the resonator is unconventional from the point of view of normal engineering practice, being dictated by a number of considerations peculiar to this particular problem. Owing to the extremely small resistance of the superconducting metal, it is essential to use a resonator which would have a very low selectivity at room temperature, since otherwise the band width at low temperatures would become too narrow for accurate measurements to be made. On account of the great difference between the resistance in the superconducting and normal states it is desirable to be able to alter the coupling between the resonator and the external circuits during an experiment, in order to keep the excitation at resonance roughly constant in going from one temperature to another. Finally, since extremely pure materials must be used (of which details will be given later), it would be inadvisable to have any metallic contacts between the specimen and the rest of the resonator, which might lead to contamination. These various requirements are met by the design shown diagrammatically in figure 1. The specimen A is in the form of a narrow loop of wire attached to a distrene rod, and may be considered to be a section of twin transmission line, open-circuited at the bottom and short-circuited at the top, so that it resonates when it is approximately a quarter wave-length long, with the node and antinode of current at the bottom and top respectively. It is surrounded by a sheath B which serves the dual function of eliminating power loss by radiation and of excluding liquid helium from the resonator. Two coaxial transmission lines CC', terminating in identical loops DD' at opposite ends of a diameter, couple the resonator to the oscillator and detector. The whole resonator is mounted in a Dewar vessel which may be filled with liquid helium; the german silver tube , through which the specimen is inserted, is open to the helium vapour above the liquid level, so that there is always sufficient vapour inside the resonator to ensure thermal contact between the specimen and the liquid bath. The distrene specimenholder is mounted on a rod which comes out of the Dewar vessel through a vacuum-tight rubber washer, so that the height and orientation of the specimen, and hence the coupling to the external circuits, may be varied at will during an experiment.
(c) Specimens
In a number of experiments with tin specimens, wires of diameter between 0-07 and 2 mm. were used. The thicker wires were made by casting tin into thin-walled glass tubes, which were afterwards cracked and removed piecemeal. The bare wires were then annealed in vacuo for several hours at about 200° C and were mounted on the distrene specimen-holders as shown in figure 1, one or more spacers of distrene being used to maintain rigidity and constancy of separation. The thinner wires were too weak to be self-supporting, and were therefore cast into thin-walled capillary tubes of fused silica, which had been previously bent into the required U-shape, and which served to give the specimens rigidity. I t was found th at glass was unsuit able for this purpose, since the power losses in glass proved to be very much greater than the losses due to resistance in the specimen. Even silica and distrene, as will be seen later, are none too good from this point of view, although they are among the best known dielectrics, with power factors as small as 10~4. The mercury specimens of all diameters were necessarily enclosed in tubes, and silica was again used. The large contraction of mercury on freezing makes it difficult to freeze a simple bent tube without rupturing the thread, so a slight modification of the design was introduced, as shown in figure 2. The straight silica tubes were slightly tapered to allow longitudinal motion of the mercury during freezing, and were sealed by means of distrene cement into the specimen-holder, through which a hole was drilled transversely to connect the two limbs. After filling with mercury, the ends of the transverse hole were sealed with cement.
(d) Oscillator
The oscillator was a commercial article, designed and constructed by the General Electric Co., in which a special triode (CV 90) is mounted directly in a coaxial cavity of variable length, so th at frequencies between 1100 and 1250 Mcyc./sec. may be generated. A fine frequency control, which took the form of a 6 b .a . brass screw projecting into the cavity, enabled the frequency to be adjusted within very fine limits. In a series of tests made with a differential wavemeter which will be described later, it was found th at successive settings of the screw were reproducible within £° of revolution, and th at the backlash could be reduced to well below this limit. At the setting of the fine control at which this test was made, |° of revolution of the screw corresponded to a frequency change of 2 parts in 107, i.e. 240 eye./sec. The filament and high-tension (240V) supplies were from batteries, so th at there was no danger of short-period voltage ripple with the resulting frequency modulation. When the oscillator had been running for about 2 hr. it settled down to a very constant frequency drift rate of about 60 eye./sec./min., which was not fast enough to disturb the measurements.
Power from the oscillator was fed through a long piece of flexible coaxial cable to the input coupling loop of the resonator, the connexion being made through a plug and socket (designed and supplied by G.E.C.) at the top of the Dewar flask. The cable produced an attenuation of 25 db., so that even if total reflexion occurred at the resonator end of the cable, the power reflected back into the oscillator would amount to only 10~5 of the outgoing power. In this way, the behaviour of the oscillator was rendered effectively independent of the impedance presented by the resonator, and there was no danger that the resonator would pull the frequency of the oscillator or cause any change in its power output.
(e) Detector
The output coupling loop of the resonator was connected through a similar plug and socket and a length of cable, attenuating 12 db., to a coaxial cavity in which was mounted a crystal rectifier, and the rectified current was passed through a sensitive galvanometer. For r.f. power inputs into the rectifier up to 1/iW, the rectified current was accurately proportional to the power, and was equal to about ^ . Most of the measurements were carried out with a galvanometer current of 0-07 A at the peak of the resonance curve, corresponding to 0-14/tW input into the detector, or about 2 /iW output from the resonator (allowing for the cable attenuation). Under these conditions the maximum rate of power dissipation in the resonator was only a few microwatts, which was found to produce no observable heating of the specimen, even at temperatures just below the transition point, where a rise in temperature of ()• 0010 C would have been appreciable, owing to the extremely rapid variation of resistance with temperature. Similarly, the magnetic field of the current was never sufficient to cause any noticeable disturbance of the sharpness of the transition, since it did not exceed 0-2 gauss at the transition point and was usually less. As the temperature was lowered, the field increased as a result of the higher selectivity of the resonator, but at no point was it more than a very small fraction of the critical field.
(/) Wavemeters
Two wavemeters were used in the experiment, a direct wavemeter for measuring c o0with an accuracy of about OT %, and a differential wavemeter for calibrating the fine tuning control of the oscillator. The direct wavemeter consisted of a coaxial cavity of variable length, as described by Shawe & Burrell (1947) , but since the accurate measurement of the band width of a resonator whose is 105 involves the accurate determination of a frequency change of one part in 105, it is not practicable to use a direct wavemeter for calibrating the oscillator. Instead, the heterodyne principle was used to obtain the differential frequency calibration. The crystal detector described in the last paragraph was fitted with two r.f. input leads, and provision was also made for supplying a lower frequency oscillation to the crystal, so that in all there were three different frequencies fed into the detector: (1) the output of the 1200 Mcyc./sec. oscillator which was to be calibrated, (2) the output of a similar oscillator whose frequency was kept constant, (3) a relatively strong signal (about 1 V) at lOOkcyc./sec. The rectified output was amplified and passed into head phones; as the fine tuning control of oscillator (1) was turned, a number of settings were observed at which an audio-frequency note was heard, which by careful adjustment could be brought to a frequency below the audible limit. This note may be considered as being due to the beating of a harmonic of oscillator (3) with the difference tone of oscillators (1) and (2), so that by recording those settings, of which about fifty were observable, where the frequency fell below the audible limit, a series of calibration points was obtained at equal intervals of 100 keyc./sec., the accuracy of setting being at least as good as 0-2 % of the difference between two successive points.
(g) Measuring technique
The necessary measurements to obtain a value of Q at any given temperature were very straightforward, and occupied only a few minutes, so that it was possible with a single filling of liquid helium to measure at twenty or more different tem peratures between 4-2° and T 7° K, the lowest temperature attainable with the smallcapacity vacuum pump employed. The temperature of the helium bath was varied in the usual way by controlling the vapour pressure, which was used as a measure of the temperature; the values throughout this paper have been calculated from the Leiden 1932 scale (Keesom 1932) . At each temperature the coupling between the specimen and the external circuits was adjusted until a suitable fraction of the power was transmitted at resonance. This fraction, 2, the square of the voltage transmission coefficient, was measured by recording: (a) the galvanometer reading at resonance, and (b) the galvanometer reading with the oscillator cables connected directly, leaving the resonator out of circuit. The reading (6) gives a measure of the power incident on the resonator, and the ratio of (a) to ( defines t2, which is always less than unity. With the resonator connected back into circuit, readings were then taken of the settings of the fine-tuning control at which the power transmission was one-half of the peak value. The difference of these readings, reduced to a frequency difference Ao) by means of the differe tion, gave the value of the band width. In most of the experiments, the diameter of the specimen was arranged so th at the band width when the metal was in the normal state lay between 200 and 1000 kcyc./sec., corresponding to Q values of a few thousand. Such specimens in the superconducting state attained Q values of several hundred thousand, the highest recorded being 5*7 x 105 for a tin wire of diameter T2mm. W ith such high selectivities it was most important to keep the helium pressure very constant during a band-width determination, since a variation of only 0T mm. Hg produced a noticeable change in the dielectric constant of the vapour, and hence in the resonant frequency. I t was also found necessary to tie the two limbs of the specimen firmly together with distrene spacers, since a rough calculation showed that a variation in spacing of only 1 would cause the resonant frequency to change by an amount comparable to the band width. Neglect of this precaution led to serious errors in some of the preliminary experiments, since minute vibrations of the specimen produced an apparent broadening of the resonant peak.
The theory of resonance in lumped l .c . circuits shows that Q, as defined above, is equal to ojL /R , where L is the inductance and R the resistance of the circuit. In a similar manner the Qo f a transmission line or cavity resonator may be eq an equivalent inductance (representing the stored energy for a given value of the current flowing on the conductors) divided by the effective resistance (representing the rate of dissipation of power). If the only source of power dissipation were the resistive losses in the conductors, the value of would be directly proportional to the r.f. skin resistivity of the material, which is the quantity to be measured. In fact, however, there are a number of other sources of power loss, which may be regarded as resistances in series with the resistance of the conductors, and which would limit
Qt o a finite value even if the conductors were to be perfect. It has already been pointed out that radiation losses were eliminated by surrounding the specimen with a cylindrical sheath, but this in its turn becomes a source of power loss, since currents are induced on its inside surface. These currents, however, are small, and the area of the surface is large, so that the current density is very small; by lining the cavity with (superconducting) lead foil the sheath loss can be made entirely negligible ( < 1 % of the lowest specimen loss). The presence of dielectrics in the cavity can hardly be avoided for the tin specimens, much less for mercury, and the losses so introduced are by no means unimportant. Indeed, even with the minimum amounts of such good dielectrics as distrene and silica, the dielectric losses are comparable with, or even greater than, the conductor loss at the lowest temperatures. The elimination of this source of error will be discussed in detail later.
Finally, the very act of coupling the resonator to external circuits introduces extraneous power losses, which may, however, be allowed for with considerable accuracy, owing to a particularly elegant property of the type of resonator used here.
The surface impedance of superconductors at high frequencies. I 375 I t follows from a very general analysis of the transmission line or cavity resonator (though not for the l .c . circuit except in special circumstances) th at if the input and output loops are equally coupled to the resonant element, i.e. if the system is sym metrical, the selectivity Q and the voltage transmission coefficient t as defined above are related by the linear equation Q/Q0 + t = 1, in which Q0 is the ideal Q of the system for t = 0, that is, uninfluenced by the coupling loops. It is Q required in the experiment, since this depends only on the conductor and dielectric losses in the resonator itself.
A. B. Pippard
voltage transm ission coefficient, t F ig u r e 3. R elation between Q and t.
In view of the importance of this relation, experiments were performed to check its validity. For a large cylindrical copper resonator, operating in the H01 mode, and coupled at opposite ends of a diameter by means of loops whose projection into the cavity could be varied, the linear relation held accurately over the whole range of measurement, from t = 0-03 to t = 1-00. For the resona from the law were observed, which fortunately were of such a nature as not to cause any serious trouble. As can be seen from figure 3, which was taken with a super conducting tin specimen at a temperature of 2-1° K, there are two departures from the simple law stated above. First, the curve cuts the axis at a value 0-71, not unity as expected. The reason for this is that there is appreciable attenuation in the coaxial lines connecting the resonator to the top of the Dewar flask, so th at the measured transmission coefficient is the product of t and the attenuation factor of the lines. This does not invalidate the law, but merely introduces a constant scaling factor into the abscissae, since the attenuation factor does not vary appreciably
The surface impedance of superconductors high . I 377 over the temperature range used. The second departure, viz. the sudden breakdown of the linear relation below t = 0-2, is due to direct coupling between the loops, even in the absence of a specimen. I t may be shown that there is no linear term in the effect produced by direct coupling, so th at extrapolation of the straight portion of the curve to t = 0 will give the correct value of Q0. The curve shown in figure 3 gives an exaggerated idea of the importance of the effect, since it was taken at a frequency, avoided in all future measurements, at which for some unexplained reason the direct coupling between the loops exhibited a sharp maximum. At other frequencies, no departures from the straight line were observed for values of t above 0-1.
Whenever absolute values of the skin resistivity of a specimen were required, Q0 was estimated by measuring Q for various values of t, and extrapolating to zero. For most of the work, however, only relative values of the resistivity at different temperatures were required, and for these a less elaborate technique was possible. By arranging the coupling at each temperature so that a constant value of t (usually 0-15) was maintained, the measured value of Q bore always a constant relation to Q0; for instance in the case quoted, if 0-15 is the measured value of t, the real value is 0-15/0*71, i.e. 0-21, and QjQ0 is always equal to 1 -0-21 or 0-79. In the tables and curves to be given below, the resistivity at any temperature will be expressed as a fraction or percentage of the resistivity of the normal metal just above the transi tion point, and the factor 0-79 will disappear.
It is not feasible, in view of the difficulty of computing the geometrical factors involved in a resonator of the present design, to make an accurate estimate of Rn directly from the corresponding value of Q0. I t is also inadmissible to use the simple theory of the skin effect to calculate Rn from the measured d.c. conductivity, since, as was observed by London (1940) there is a pronounced discrepancy between the value so calculated and that actually observed. An experimental and theoretical treatment of this effect, which will be presented in a later paper, has established beyond doubt the correctness of London's hypothesis that it is due to the long mean free path of the conduction electrons, and reasons will be given for supposing that tin at the temperature of liquid nitrogen and mercury at the temperature of liquid hydrogen exhibit no anomalous behaviour. It is therefore permissible to calculate the skin resistivities of tin and mercury at these temperatures from the values of conductivity given in the tables (Onnes & Tuyn 1929) , and hence to estimate the resistivities at the transition point from measurements of the change of Q0 of a specimen in cooling from the higher temperature to the transition temperature, since is inversely proportional to the resistivity.
(h) Errors Every attempt was made to eliminate systematic errors from the determinations, such as would have been produced by incomplete decoupling of the oscillator from the resonator, reflexions in the transmission lines, frequency modulation of the oscillator, etc. The 100 kcyc./sec. oscillator which was used as a standard in the differential wavemeter was periodically checked against a crystal oscillator. As a result of these precautions, it is unlikely th at there are any systematic errors exceeding 1 %. Repeated measurements of the same quantity showed th at for Q values up to 10,000 the probable error of a single determination of the band width was less than 1 %; for the higher Q values the accuracy decreased, being about 5 % for values above 200,000, although under particularly favourable conditions (see e.g. figure 3 ) highly consistent results were obtained.
R e s u l t s (a) Tin
The data for tin given in this section have been derived by combining the results of measurements on six specimens, whose characteristics are set out in table 1. Two samples of tin were used, Hilger H.S. 10,000 and Johnson Matthey number 12,966, both of great purity, but nevertheless exhibiting small differences in behaviour. Direct current measurements on the resistance show th at on cooling from 0° C to 4 *2° K the Hilger sample increases in conductivity by a factor 1600, while the corre sponding factor for the Johnson Matthey sample is 5000. The superconducting transition point is slightly different also for the two samples, being 3-705° K for the former and 3-712° K for the latter. If, however, a constant increment of 0-007° K be added to all temperature readings for the Hilger specimens, the shapes of the r.f. resistivity curves are found to be in close agreement for all specimens.* Seventy reliable points were used in constructing the curve shown in figure 4 , the main deviation of a single point from the curve in any region being not greater than 1-5 % of the mean value. To avoid obscuring the diagram only the measured values for Sn 7 are shown. Table 2 gives values of 100R /Rn as a function of temperature, inter polated from the original graph of figure 4.
Apart from the general shape of the curve, which is in good agreement with London's experimental values, in spite of the difference in frequency (1500 instead of 1200 Mcyc./sec.), there are two points of more particular interest, viz. the initial slope of the transition and the limiting value of R/Rn at very low temperatures. Examination of the first point is made difficult by the inevitable rounding off of the transition even for d.c. measurements. Consequently it is not possible to decide with any certainty whether the initial slope in an ideal specimen would be vertical or inclined at a finite angle to the vertical. It is to be expected on general grounds th a t the gradient will not be quite vertical, especially if the theory of London (1940) * Between 3-71 and 3-56° K th e curve for Sn 12 departs from the m ean curve by, a t m ost, 5 % of th e norm al resistivity R n, b u t is in close agreem ent below this tem perature. Sn 11, which was a very th in wire, also departs, though n o t so m uch, in this tem perature range. I t is possible th a t these departures are due to freezing in of th e e a rth 's m agnetic field, w ith th e consequent production of sm all inclusions of norm al m etal on the surface. This effect was not observed w ith Sn 7, whose superconductivity could be destroyed and restored by switching on and off a m agnetic field, w ithout producing any perm anent change in the resistivity. The divergent points of Sn 11 and 12 have been neglected in com bining the results for all specimens. be accepted, since this would imply the transition at the critical temperature of a finite proportion of the electrons into the superconducting state, which would be a t variance with the characteristic behaviour of transitions of the second order. This argument derives some support from the experimental results of figure 5, which
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tem peratu re tem perature tem perature shows the transition curves of the same specimen (Sn 14) as measured with r.f. and d.c. It appears probable from this diagram th at the initial slope is not quite so great in the r.f. measurements, but it is not possible to make any reliable estimate from such an experiment of the ideal behaviour at the critical temperature. The limiting value of B/Rn at low temperatures, which is assumed by London to be zero, is very difficult to fix precisely because of inevitable extraneous power losses in the cavity arising from the presence of imperfect dielectrics. Three attem pts were made, by different methods, to estimate this limit, but the results are not in very close agreement with one another, probably because they all rely on the assumption that two specimens of the same dielectric have exactly the same power factor. While this assumption is probably true for pure substances exhibiting high dielectric loss, it is very likely th at good dielectrics, whose loss is due to some unexplained small imperfections in structure, will show widely varying power factors depending on the precise constitution of the material. In the first attem pt two specimens (Sn 6 and Sn 7) were constructed having different diameters of wire, but with the proportion of silica to free space made as nearly equal as possible. These specimens, if the conductors were perfect, should have had the same band width, since it would be determined solely by the extraneous losses. If these losses are expressed as an effective limiting width Wd of the resonance peak, the band width of Sn 6 at any temperature is expressible as + where W6 is the ideal width due to conductor losses above. Similarly the band width of Sn 7 is expressible as + Since the variations of W6 and Wj with temperature are expected to be identical, apart from a constant scaling factor which arises from the different sizes of the specimens, it ought to be possible to find a quantity Wd which, when subtracted from the measured widths, leaves the curves for Sn 6 and 7 bearing a constant ratio to one another at all temperatures. The relevant results of the experiment are tabulated in table 3, from which it may be deduced th at Wd = 0-0520. When all the data on the specimens had been corrected by subtracting Wd and expressing each corrected value as a ratio RjRn, the two curves were found to be in excellent agreement with one another. This experiment enabled the value of R/Rn at 2-12° K to be estimated a t 0-78 %.
A. B. Pippard tem perature (° K)
T able 3. D ata f o r Sn 6 a n d Sn 7
Sn 6 : b an d w idth a t 3-74° K (in units of 100 kcyc./sec.) = 3-39 b and w idth a t 2-12° K (in units of 100 kcyc./sec.) = 0-0778 Sn 7: band w idth a t 3-74° K (in units of 100 kcyc./sec.) = 11*16 b and w idth a t 2-12° K (in units of 100 kcyc./sec.) = 0-138
The second estimate of R/Rn at 2-12°K involved two measurements of Snl2, a bare tin wire, each time with a different number of distrene spacers connecting the two limbs. The loss introduced by each spacer was assumed to be proportional to its volume and to the mean value of E2 at th at point, so culate the presumed behaviour of the specimen in the absence of any spacers. The results of this measurement were in only fair agreement among themselves, but they suggest that R/Rn at 2-12° K lies between 0-7 and 1*1 %.
The final attem pt to determine this ratio involved the use of both tin and mercury specimens, the advantage of the latter being that its resistance drops by a very large factor between 4-2 and 2-1° K, so that at the lower temperature it approximates to a perfect conductor. Two specimens (Sn 11 and Hg 15) were made from silica capil laries drawn from the same piece of tubing, and were mounted on distrene specimenholders in as nearly identical a manner as possible. The band widths in the normal state and at 2-l°K are shown in table 4. Clearly if the dielectric losses of the two specimens are identical, at least 0-112, the difference between H g l5 and Snll at 2-1° K, is due to the conductor losses in the tin, so that RjRn at 2-1° K is not less than 0-80 %. An upper limit of 1-5 % is fixed by the results for Sn 11 alone.
T able 4. D ata f o r S n 11 a n d H g 15 Sn 11: band w idth a t 3-74° K (in units of 100 kcyc./sec.) = 13-98 band w idth a t 2-1° K (in units of 100 kcyc./sec.) = 0-210 Hg 15: band w idth a t 4-20° K (in units of 100 kcyc./sec.) = 32-8 band w idth a t 2-1° K (in units of 100 kcyc./sec.) = 0-098 Considering these three sets of measurements together, probably the most significant fact is that they all give a positive value for the ratio in the neighbourhood of 1 %. If the real value were much smaller than this, it is likely that the inevitable uncertainties of the methods would have resulted in a wider spread of results, or even in an apparently negative value. In correlating the results for six specimens, which were shown in table 2, a value of 0-90 % was taken for R/Rn at 2-1° K, and appropriate quantities were subtracted from the measured band widths of each specimen to bring them into coincidence at this temperature. It should be realized
The surface impedance of superconductors at high frequencies. I 381 Vol. 191. A. th at even if this value is found eventually to be in error, the figures in the table may be corrected to the new value merely by subtracting the same quantity from each and scaling up to Rn = 100. To determine the absolute value of the normal skin resistivity, two methods were used. A specimen of Hilger tin was measured at 3-8° K, and a similar specimen of copper was measured at room temperature. The inverse ratio of the Q values was taken to be the ratio of the resistivities of the two specimens, and from these measure ments it was deduced that tin at 3-8° K has the same skin resistivity as a metal of conductivity cr -2-06 x 107 ohm-1 cm.-1 + 5 %, obeying the simple theory of the skin effect. I t is important to point out that the quantity which is actually measured is the skin resistivity, and that the reduction of this to a value of bulk conductivity is merely a convenient way of presenting the result, which has no real physical significance on account of the anomalous behaviour of normal metals at low tempera tures. The skin resistivity of the Johnson Matthey sample was measured by the method outlined above, by determining the band width of the same specimen at 3*8° K and at the temperature of liquid nitrogen, where the anomalous behaviour is not exhibited. The apparent conductivity of this sample at 3-8° K was found to be 2-10 x 107 ohm-1cm.-1 ± 1 %. London (1940) records a value of 2-06 x 107 ± 15 %, so th at all three determinations are in strikingly good agreement. Taking the figure 2*10 x 107 as correct, the skin resistivity R at 3-8 deduced to be 1-50 x 10~3 ohm; as pointed out above, this value is not affected by the anomalous behaviour of tin, since it is the quantity which is directly measured.
(b) Mercury
As was mentioned in connexion with the results for tin, the value of R jR n for mercury at 2-1° K is very much smaller than the corresponding factor for tin. The best estimate is th at obtained incidentally from the results on Snll and H gl5 shown in table 4, from which it may be seen th at it is certainly less than 0*30 %. Taking the value 0-90 % for tin, and using this to determine the band width due to dielectric loss, the most probable value for mercury is seen to be 0-04 %. The tem perature variation of R/Rn, shown in figure 6 and table 5, has been constructed from the results for two specimens of Hilger 10,673 mercury, H g 4 and H g l5, of which only the points for H g 4 are shown in the figure. The transition temperature was 4-152° K, which is somewhat lower than the usually accepted figure. As in the case of tin, the dielectric losses have been allowed for by subtracting a constant quantity from the measured widths to bring R/Rn at 2-1° K to the estimated value of 0-04 %.
The anomalous behaviour shown by normal tin is also exhibited, though to a lesser degree, by mercury. The skin resistivity at 4-2° K was deduced from measure ments of the same specimen at 4-2 and at 20° K at which temperature mercury is found to show no anomaly. In this manner Rn was found to be 2-34 x 10-3 ohm. A classical metal would have this skin resistivity if its bulk conductivity were 8-75 x 106 ohm-1 cm.-1, which is less than the observed conductivity (Onnes &Tuyn 1929) by a factor 2-31. This represents a smaller departure from classical theory than is shown by tin, for which the corresponding factor is 23.
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D is c u s s io n
A theory of the r.f. resistivity of superconductors, relating it to the penetration depth A of a static magnetic field, has been given by London (1940) , and applied by him to his measurements on tin. As it stands, {he theory contains a number of assumptions concerning the coexistence of 'resistive' and 'superconducting' electrons, which must be regarded as working hypotheses requiring justification either by experiment or by a detailed theory of superconductivity such as has not yet been given. There is also another assumption as to the behaviour of resistive electrons in such an assembly which appears to be at variance with the experimental results on normal metals, in so far as there is a notable discrepancy between the measured skin resistivity and that predicted by skin effect theory from the d.c. conductivity. This phenomenon makes it doubtful whether the theory developed by London is in fact the correct development of the initial assumptions. A series of measurements have been made, and will be described in a later paper, which demon strate the salient features of this effect, and an attem pt has been made to give a quantitative theoretical explanation. Until this theory has been presented, and extended to cover London's model of a superconductor, there is no advantage to be gained in discussing the interpretation of the results given here. A full discussion, therefore, will be postponed until the end of this series of papers, where the correla tion of data on the r.f. resistivity with the known facts concerning the temperature dependence of the penetration depth will be considered.
One point, however, may be made without any detailed theory. If London's hypothesis is correct, the behaviour of R/Rn at low temperatures is important, since it indicates whether all the resistive electrons vanish at the absolute zero. I t is most unlikely that the curves for tin can be extrapolated back to reach a zero value at 0° K, so that it must be concluded either th at all the electrons do not become super conducting at 0° K, or that there is some other mechanism (e.g. photo-effect having a threshold frequency less than 1200 Mcyc./sec.) which causes energy dissipation. On the other hand, the resistivity of mercury reaches a very low value at 2° K, and there is no evidence th at it does not actually become zero at 0° K.
